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3DUCIXQK 

The role of materials in the ship fracture problem is obvious. 

If such materials were not susceptible to brittle failure, the 

problem would cease to exist. With the objective of a final 

evaluation of weldable steels as to their suitability for merchant 

vessel construction, a wide experimental program was initiated by 

the Board of Investigation to Inquire into the Design and Methods 

of Construction of Welded Steel Merchant vessels(D* and continued 

by the Ship Structure Committee^2»3). it was the objective of the 

research program conducted at the Pennsylvania State College under 

Bureau of Ships Contract NObs-31217 to correlate the work conducted 

for the Board and the Ship Structure Committee. This final report 

attempts, therefore, the correlation of the results of the entire 

"material" research program as conducted between 19^ and approxi- 

mately the end of 1950. This program, in abbreviated outline, is 

given below* 

egM§ wmmmsm 
The specifications for th* liberty ahip called for a medium 

steel. Such steel can be furnished in rimming, semi-killed, and 

fully killed grades. In order to supply a series of steels which 

would have appreciably different fracture characteristics in the 

projected tests, the steels listed in Table A were supplied by 

different mills. These steels have been generally designated as 

•For numbers in parenthesis see Bibliography 
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"project11 steels. These steels were studied extensively under the 

cooperative research programs conducted at the University of Califor- 

nia, the David W. Taylor Model Basin, the University of Illinois, 

the New York Naval Shipyard, the Pennsylvania State College, and 

Swarthmore College. 

The research programs conducted at the respective laboratories 

were designated as follows: 

David &• Tavlor Model Basin: (a) Flat plate tests. 

TM University g£ fijUgflHtfJb Project Sfl-Qg: (a) Flat plate 

tests, (b) large tube tests, (c) similitude tests, (d) 

bend tests, (e) full-scale hatch corner tests, 

lbs. University sL XUimU, SXAlSSl §Be31*    (a) Flat plate 

tests, (b) impact tests. 

IBA jfeU XSEk Nju&l S^lPyardt SxsASSl Sg-l^: (a) Standard 

impact tests, (b) Navy tear tests. 

SUlS&BaEl &2±ltS£> gggifigJfe SR-^8: Ca) 12-inch plate tests, 

(b) aspect ratio tests. 

SOS EaaMpOyanla SJ,a.te, C&USM&t  PrgJiggy Sfr-9$* <a) Impact 

tests, (b) slow bend tests, (c) edge=notched bar tension 

test, (d) low-temperature tension tests, (e) strain-gradient 

measurements. 

In addition to the above tests conducted ail or in part on 

the project steels, tests were run on certain additional mild and 

high strength steels. The augmented testing program included the 

—-^a,^— i— •*•»• in- v>*if '*• • "• 

mm 
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indicated tests run at the following laboratories: 

Dnivarsity ot California,  Project SR-92: (a) Restrained 

welded specimen tests on high strength steels, (b) edge- 

notched bar tension tests (c) 12-inch plate tests. 

Q&£& &. miQL IMMX g&J&Z*  Project SR-lOSi  Ca) 12-inch 

plate tests on mild steels taken from fractured Liberty 

ships, (b) edge-notched fear tension tests. 

gSSL XWH MMi 3&2Z&2L9  gro,1ect SR-1C&: (a) Tear tests 

on selected mild and high strength steels. 

The results of the tests conducted on the above program will 

be discussed at length in the following, but before these data 

are examined it may prove profitable to consider certain generali- 

zations which may be made -with reference to the ductile-brittle 

transition and which must be considered in the ultimate evaluation 

of the ship fracture problem. 

DUCTILE-BRITTLE TRANSITION PHMQMPA 

The ductile-brittle transition as it is encountered in mild 

steel* has in the past generally been associated with the Impact 

test. In the impact test it is customary to give the results in 

terms of the work required to break a specified test bar. This 

work to failure has been found to vary with temperature for a 

suitable test specimen as in Figure 1  . Thus at relatively high 

temperature much work is required to fracture the specimen, while 

at relatively lower temperature little work is required to fracture 

m 

•  • 

•raw 
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the specimen. The high temperature condition is known as the ductile 

or tough condition, while the low temperature condition is known 

as the brittle condition, with the intermediate range being desig- 

nated as the transitional range, or the ductile-brittle transition. 

Of the many factors which modify the ductile-brittle transit 

tion in mild steel, unquestionably the most Important is the stress 

system* It is not possible considering present knowledge to discuss 

fully the phenomena associated with the ductile-brittle transition, 

as the stress system is arbitrarily varied} but certain reasonably 

Integrated data are now available for consideration on this point. 

In the sections immediately below, the behavior of steels tested 

under certain uniaxial, biaxial, and triaxial stress systems* will 

be considered* 

Following this,the criteria of the ductile-brittle transition 

will be noted, and generalizations concerning metallurgical struc- 

ture, fatigue, velocity of loading and size effect, as pertinent, 

will be introduced* 

lUO&USl £&££& h2&HUL — Hl£ Tftflgilg 2fi&< If a mild steel 

is tested in tension in an appropriate temperature range, a transi- 

tion to brittle behavior will be observed as is indicated in Figure 

2* This transitional behavior is comparable to that observed in 

the impact test on notched bars, but the test bar used here is a 

standard test bar and does not contain an artificial notch. Thus 

it nay be concluded that an external notch is not required to induce 

•The terms "uniaxial, biaxial, and triaxlal" are asaiewhat loosely 
applied and at best apply with good approximation only during the 
initial steps of loading. 
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brittleness in such steels, ami the brittleness observed must be 

considered an intrinsic property of these materials tested in tension. 

In the further analysis of tensile test data, it is informa- 

tive to compare the yield strengths and the fracture strengths as 

is done in Figure 3. It is evident that the transition from ductile 

to brittle behavior takes place at a temperature at which the yield 

and fracture strengths are in near coincidence. This does not per 

se preclude ductile behavior, but this phenomenon has been used 

explaining brittle behavior. Thus, Le Chatelier^" has argued that 

the coincidence of the yield and fracture strengths would serve to 

localize plastic distortion with a consequent reduction in energy 

absorption. On the other hand, Ludwik^°', in a consideration of 

comparable data, has proposed that two strength factors exist, 

namely, flow and fracture strengths, and, in general, the flow 

strength is less than the fracture strength. When the flow strength 

attains a v&'ue equal to that of the fracture strength, failure 

ensues. In both of these analyses of the ductile-brittle transition, 

the nature of the fracture process is not explained. There is no 

differentiation, therefore, of two classes of fracture phenomena 

as indicated by the terms shear (fibrous) and normal (cleavage) type 

failures. This latter differentiation should be made, as from a 

practical point of view it may be important. 

The introduction of the concepts of two fracture types on the 

fracture, flow-strength, temperature diagram was first undertaken 



by Davidenkov^ and has subsequently been variously modified as 

for example in Figure lf(8)» This type of diagram is phenomeno- 

logical in character and does not aid in a basic understanding of 

the fracture process* It is, however, an informative construction 

and because of this has proven to be of considerable value. 

It is interesting to consider the change in fracture appearance 

as a means of differentiating ductile from brittle failure. Fracture 

type data are plotted in Figure 1 for comparison with the energy 

absorption data, and it is seen that the two transitional phenomena 

do not agree. This is a point well worth emphasizing, for as will 

become evident below, the non-agreement in the transitions in energy 

absorption and fracture appearance is the rule for small specimens} 

and it Is only for very limited condition; that agreement in these 

two transitions is achieved. 

The treatment of tensile test data by the method of Ludwlk, 

while initially holding promise for a solution of the problems 

associated with the intrusion of brlttleness in mild steels under 

certain conditions of testing and use, have under further inspection 

proved to be unsatisfactory. This does not mean , however, that 

tensile test data may not ultimately prove of much importance in 

the analysis of the fracture behavior of steels. 

Thus, it may be that the fracture characteristics of a steel 

are intimately connected with the ability of that steel tp pro- 

pagate strain*' . The propagation of strain is envisaged as 

•'.;•        •• •       •••••••: 
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1. 

depending on two quantities, namely, a work hardening exponent and 

a velocity coefficient which is similar to a viscosity coefficient. 

These two quantities are not easy to separate and cannot be 

separated in the standard tensile test. By testing at a series 

of temperatures in the vicinity of that of liquid sir, however, 

it can he shown that the strain hardening exponent)! defined by 

the equation<Ts£QS $  varies with the temperature.* 

Extreme values for the project steels studied are presented 

In Figure 5* These data at present cannot be used directly to 

predict the fracture characteristics of mild steel, but It is 

significant that the steel shoving ths mlnhum value of7£.at "L0W 

temperature has the highest transition temperature in the notched 

bar tests* 

3Mill1ffii IBM totfltng* Three sets of data will be considered 

here comprising the results of sphere^°^f tube^
11^, and torsion 

tests^ '. For the sphere, to a close approximation, the stress 

system is balanced biaxial tension; for the tubes it is biaxial 

tension with a variable ratio of the principal stresses; for the 

torsion test, the principal stresses are a tensile stress and an 

equal compression stress. 

The spherical test specimen diagrammed in Figure 6 was made 

of a steel comparable to Project Steel A. The fracture charac- 

teristics of this specimen were studied at numerous temperatures, 

*?\nere is a complex quantity comprising both a strain hardening 
exponent>1« and a velocity coefficientt%>*    These two quantities 
saanet be separated by gmans of the data collected here. 
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with the pertinent data being summarized in Figure ?. It is evident 

from this figure that for the temperature range covered there is 

indicated no transition in ductility, despite the fact that by 

fracture appearance this transition was observed at about 6Q°F. 

It should be noted that the presence of a flaw In the sphere (as 

pernaps arising from a faulty weld) was a positive embrittling 

factor* 

For purposes of comparison, slow-bend test data for this steel 

are described in Figure 8, wherein it is revealed that the transi- 

tion as indicated by fracture appearance for the two tests is in 

good agreement. This perhaps suggests that failure of the spheres 

took place only after the development of effective notches in the 

course of straining, with these notches bringing about failure. 

The tube sp*«.imen which was tested in biaxial tension is 

shown in Figure 32. The test data are summarized in Table s'11^. 

The temperatures of testing of the tubes are so far apart that 

it is not possible to state transition ranges, but the transition 

in fracture appearance lies at about 70°F., while the transition 

in ductility presumably lies at a somewhat lower temperature'*•*•'. 

It is interesting to note, however, that for these tubes either 

welds or structural defects were primarily responsible for failure, 

and therefore these tube specimens in the main may be considered as 

having failed prematurely. In other words failure of the tubes was 

initiated by some localized stress raiser and only indirectly by the 

principal biaxial stress system. 
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The sphere and tube tests were conducted on specimens which 

may be considered as large compared to standard laboratory test 

specimens* Despite the size of the specimens, high ductility was 

observable, particularly in the sphere tests, and presumably in- 

dicated in the tube tests in the absence of crack initiators and 

at temperatures which must be considered as low for the steel being 

used. On the other hand, for both the sphere and tube tests the 

transition in fracture appearance occurred at relatively high 

temperatures$ and these temperatures are sensibly those predicted 

by small scale notched specimen tests. 

In comparison with the sphere and tube tests, the torsion 

tests conducted by Larson^2) may be considered as small scale 

tests, and the element of size effect enters in the consideration 

of transition phenomena. The test bar used by Larson is indicated 

in Figure 9 and was made from steels C and E. The test data re- 

ported are not sufficient to describe fully the transition phenomena, 

but the transition in energy absorption definitely lies below 

-190°C. while the transition in fracture appearance definitely lies 

above -190QC» but below -70^ It will be noted that for these steels 

thw transition in ductility in the tension test lies above -190°C. 

The above results may be summarized briefly by stating that the 

loading of a specimen in biaxial tension will not in- general lead 

to brittle failure unless the temperature is excessively low. In 

a specimen plastic flow is initiated which ultimately leads to the 
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development of an effective notch. Once this condition is reached 

for a large specimen, failure may result by the cleavage mechanism, 

if the temperature of the specimen is at or below the transition 

temperature indicated by a notched specimen such as, for example, 

the slow bend test specimen* 

From the torsion test data it may be emphasized that the 

cleavage fracture and the temperature range in which it is found 

for a given steel is by no means relatable to a basic reference 

temperature which has a simple physical significance* Presumably 

in the compression test these steels would have no ductile-brittle 

transition. 

fejailjj £&S&& LoadJAgi Perhaps the simplest way in which 

a triaxial stress system can be developed is by the introduction 

of a notch in a bend test member. In general the more acute the 

notch, the more marked is the triaxiality of the resultant stress 

system, but for an edge-notched bend bar this stress system has in 

general the characteristics indicated in Figure 10 (13) This stress 

system is complex and cannot be used directly to interpret notch- 

bend-bar test results, but it has been observed that, in general, 

the more acute is the notch in the test bar, the higher is the 

temperature at which the transition from ductile to brittle behavior 

occurs, Figures 11 and 12*1***. 

It will be noted, however, that again as before there may be 

dlagreement in the transition temperatures revealed by energy 

IV 

\ 
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absorption and fracture appearance, cf• Figure 11. For the V-notch 

specimen, however, it is indicated, cf. Figure 12, that under cer- 

tain conditions of testing full agreenent in the two criteria of 

ductile-brittle transition does obtain. 

The test data which are reviewed in this report will have been 

largely obtained for notched specimens; therefore, specimens in 

which trlaxial stress systems obtain. The magnitude of these stress 

systems will be largely unknown, and for this reason it may appear 

surprising that correlation of a consistent nature is at all possible. 

In anticipation of this objection, it is noted that both on theore- 

tical and experimental grounds, there are indications that the 

triaxlallty of the stress system arising from notch action has a 

limiting valuet^lo) g j^g theoretical aspect of this problem has 

been thoroughly discussed by Neuber^ , while the results of Zeno 

and Low'1" and Bagsar^1®^ support the theoretical argument. Thus 

both Zeno and Low, and Bagsar studied the effect of notch acuity 

on the temperature of the ductile-brittle transition and found that 

it could be elevated to only a limited extent by increasing notch 

acuity. Bagsar's data are reproduced in Figure 13. 

9y&tfflrtft fi£ J&& tetftttto-flrJL&ttJl 3Ea»aUlfla» *» the above dis- 

cussion two criteria of the ductile-brittle transtion have been ex- 

amined* Numerous other criteria of this transition have been used 

but seemingly all are more or less intimately associated with either 

the transition in energy absorption or the transition in fracture 

1 
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appearance* These criteria have been examined by Stout ami McGeady 

for bend specimens and for the Navy tear test'^9). xhe criteria 

for determining the ductile-brittle transition may be summarized 

as follows: 

§§ML Specimens fracture appearance, lateral contraction, bend 

angle, energy absorption to failure, maximum nominal load; 

Tension Tear Specimensi fracture appearance, lateral contrac- 

tion, energy absorbed to initiate crack, energy absorbed to propagate 

crack, nominal tensile strength, nominal yield strength; 

Notched Tension Specimens: fracture appearance, lateral con- 

traction, elongation, energy absorbed to failure, energy absorbed 

to maximum load, and nominal tensile strength. 

Of the ahore criteria, the most easily interpreted are energy 

absorption and fracture appearance. That certain of the other 

criteria may on occasion be misleading is indicated by consideration 

of the idealized diagram, Figure l*f, taken from Osborn, ejfe, gJL./20^. 

The significance of these criteria has been discussed by Vanderbeck 

and Gensamer^ '. 

Metallurgical Structure &Q& th£ &ucjLJj£-£rJ£ne. TjttftJJJtlfln* 

The steels which are of interest in the construction of merchant 

vessels must be of welding grades, and, therefore, steels which can 

undergo only limited metallurgical structural changes. In general, 

modifications of metallurgical structure which are possibly beyond 

the as-rolled structure result from normalizing or cold straining 

operations, the latter of which usually leads to strain aging. 

• 

* *'-•*• 
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Itorra&Xizing, when It clearly brings about a reduction in ferrite 
(21) 

grain size, say profoundly lower the ductile-brittle transition 

but when normalizing is effected without appreciable change in 

grain size, this lowering of the transition temperature say not be 

fully realized.    As indicated by Lehigh Slow Send test data, Figure 

15> the optimum lowering of the transition temperature obtains for 

& normalising temperature of about 16^Q°F.   At normalizing tempera- 

tures appreciably above and below 1650°P.9 this treatment may not 

be efficacious. 

Cold straining, in general, is considered as undesirable and 

leads to an elevation of the duetile-brittle transition as revealed 

by standard impact test data, but that the effects of cold straining 

may be complex is indicated in Figure io'~~'.   For the notched im- 

pact bars the transition temperature was found to rise regularly 

with increasing strain.   For the unnotched Impact bars, however, 

the transition temperature passed through a maximum at about 10# 

elongation. 

tM&kSSSL £fi& IM QticUlff-Brlttla Transition!    Pertinent data 

on the effects of fatigue on the ductile-brittle transition are 

summarized in Figure 17*2^.   It is clearly evident from this figure 

that as fatigue damage increases, the ductile-brittle temperature 

it adversely modified and is elevated by about the same order of 

magnitude as results from strain-aging. 
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Normalizing, when it clearly brings about a reduction in ferrite 
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grain size, say profoundly lower the ductile-brittle transition 

but when normalizing is effected without appreciable change in 

grain size, this lowering of the transition temperature may not be 

fully realized. As indicated by Lehigh Slow Bend test data, Figure 

15* the optimum lowering of the transition temperature obtains for 

a normalizing temperature of about I6$0°P; At normalizing tempera- 

tures appreciably above and below 1550°F«, this treatment may not 

be efficacious* 

Cold straining, in general, is considered as undesirable and 

leads to an elevation of the ductile-brittle transition as revealed 

by standard impact test data, but that the effects of cold straining 

may be complex is indicated in Figure 16*  • For the notched im- 

pact bars the transition temperature was found to rise regularly 

with increasing strain. For the unnotched Impact bars, however, 

the transition temperature passed through a maximum at about 10$ 

elongation. 

Fatlime 3|g| |hjt jfeyt^le-Britt^e, Transitions Pertinent data 

on the effects of fatigue on the ductile-brittle transition are 

summarized in Figure 17^3), it is clearly evident from this figure 

that as fatigue damage increases, the ductile-brittle temperature 

is adversely modified and is elevated by about the same order of 

magnitude as results from strain-aging. 
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stress conditions in notched specimens are frequently complex beyond 

the powers of convenient mathematical analysis. For this reason 

alone loading effects cannot be considered in terms of true strain 

rates* However, it is known that for a given specimen the rate of 

loading may alter appreciably the temperature of the ductile-brittle 

transition* The manner in which this alteration is brought about 

is not at present clear and the limited data available are in some 

measure ambiguous* This is illustrated by a consideration of Figure 
(2lf) 

18   . Here are plotted transitions in energy absorption and frac- 

ture appearance for several of the project steels tested in tension 

impact at several Impacting velocities.* 

It will be noted that the curvatures of the respective lines 

for energy absorption and fracture appearance are inverted and 

in this sense are inconsistent. That the curvature of the fracture 

appearance lines are the more nearly correct may be surmised from 

an attempted extrapolation of the energy absorption curves to higher 

impacting velocities. If this is done consistent with the data 

given in Figure IS, first steel A and ultimately steels DT and Dn 

will be evaluated as of less merit than either steel C or steel 2. 

Since this conclusion does not seem warranted, on the basis of 

other test data obtained on these steels, it is surmised that the 

energy absorption curve undergoes a- change of curvature perhaps 

as Indicated in Figure 19* The shape of the transition temperature- 

velocity curve may be attributed to the experimental testing 

*Theae velocities are converted from energy values and are considered 
as approximate only. 

:•  "  "; ::--      -..'••'-• • -   ',   .   •-•''-•—._ "•'--'    •  ;___    .    .- 
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conditions and probably is not of fundamental importance * It is 

important to note* however, that the transition temperature is 

sensitive to the velocity of loading; and in a test where the 

transitions in energy absorption and fracture appearance coincide, 

it would appear that the ductile-brittle transition should increase 

monotonically with velocity of loading to develop a curve as drawn 

in Figure 20^)* This latter curve reveals that an increase in the 

loading rate from that encountered under static loading conditions 

(head movement 3 inches per min.) to that encountered in impact 

testing (head movement 13 feet per sec.) produces a displacement 

of the transition temperature of +?0°F% It will be noted that 

loading rates appreciably less than those encountered in impact 

loading may still result in an elevation of the transition tempera- 

ture curve* 

Mj& £££fi£l AQd jaia PUtfUlv-BriJaig Transition t    The term 

"size effect" as used in a discussion of the mechanics of the 

loading and deformation of different sized test bars presupposes 

the use of similar test bars. The term cannot be extended with 

this rigorous restriction to a consideration of the ductlle-brlttls 

transition, because of intrinsic defection from the requirements 

of similarity, experienced in the testing of the larger test bars. 

The modification of the ductile-brittle transition by "size effect" 

must be discussed with this reservation in mind. 
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Extensive research which is summarized by Fettweis^2" has 

shown conclusively that the ductile-brittle transition for similar 

specimens is higher, the larger the specimen* This for a given 

steel in an appropriate tempera ...re range leads to a ductile-brittle 

transition with increasing size as is indicated in Figure 21. This 

phenomenon is critical in the problem of merchant vessel failures. 

in that because of it small-scale laboratory tests have not been 

available for use in predicting the fracture characteristics of 

structures. However, this difficulty can seemingly be overcome 

in the bend specimen by the use of a suitably formed sharp notch. 

Thus with a pressed notch of 0.0015 inch root radius transitions 

in lateral contraction and fracture appearance for a Schnadt-type 

slow-bend bar were in full agreement and constant as specimens di- 

mensions were varied from 0.39** by 0.39*f by 2.1 inches to 1.18? 

by 1,172 by 2.1 inches^>. 

The engineering properties of metals are also modified by 

size effect. These properties have been extensively studied but 

are modified to only a limited degree by the ductile-brittle 

transition and so will be reviewed in a later section. 

: • • - : 

In the analysis of the ship fracture problem, early appraisal 

of knowledge on the subject of the ductile-brittle transition in- 

dicated that "size effect" was largely responsible for these 

: 
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fallures. The testing program, therefore, was organised to include 

large-scale tests along with mall-scale tests, the latter designed 

%o attain correlation with the large-scale laboratory tests. 

Toward the development of a large-scale laboratory test, ex- 

ploratory work on flat plate specimens was completed at the David 

W. Taylor Model Basin^). The largest size specimen tested was 

12 by 3A inches with an internal notch, Figure 22. Pertinent 

details of the Internal notch are given in Figure 23. Specimens 

with suitable notch geometry were tested in both 6- and 12-inch 

widths at appropriate temperatures. Pertinent results are 

summarised in Figured 2h and 25* 

From Figure 2h9  It is evident that a minimum length notch 

must be used in this type of specimen to insure consistent re- 

sults for comparison purposes, and this length has been s tenderized 

as one fourth of plate width. 

In keeping with the discussion on size effect it was expected 

that the plate tests would give transition temperatures which would 

be relatively lower than those for a ship structure* By an adjust- 

ment of notch acuity this condition could be minimised* The results 

obtained in the study of notch terminus radius are given in Figure 

25» where it will be noted that jeweler's saw cut was the most 

severe of the notches studied. This notch terminus was used through- 

out in subsequent flat plate testing. 
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Of the large-scale tests the most completely explored were 

the internally notched flat plate tests in the 12-, 2*f-t k8- and 72- 

inch widths(3.1*27). Several additional specimens 108 inches in 

width were tested» A drawing of the test specimen is given in 

Figure 26, and a picture of the 72-ineh plate specimen in the 

tensile test machine is given in Figure 27* 

The data of the original flat plate test program indicated 

that the results obtained with the 12" plate specimens are equiva- 

lent to those obtained with the 72-inch plate specimens, and the 

subsequent flat plate testing at Swarthmere College^2®* has been 

limited to the 12-ineh wide specimen in which L * Jf, see Figure 

26. This specimen in place in the testing machine and ready for 

testing t*  shown in Figure 28. The Swarthmore data which are con- 

sidered in this report were obtained with this specimen. This fact 

is noted to eliminate confusion with the later modification of this 

test Sptcisan for the Swarthmore aspect-ratio test program. Data 

from this program will not be considered in this report. 

It was recognised that the data which were obtained in the 

various tests could not be applied directly to the problem of 

ship failures without further testing, preferably on a ship structure, 

but under controlled conditions. Full-scale ship tests meeting the 

above restrictions are conceivable but hardly feasible, so the full 

scale hatch corner test was devised^  . The objectives of the hatch 

corner testing program included * (a) the determination of the ductile- 

brittle transitional behavior of selected project steels fabricated 
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into hatch corners of the basic resign, and (b) the redesign or 

•edification of the basic Liberty ship ha^ch corner detail. This 

first program was essential to the integration of the flat plate 

testing program with structural behavior* 

The test specimen based on the basic hatch corner design is 

given in Figure 29* The method of testing behavior in testing are 

in some measure indicated from a consideration of Figures 30 and 31. 

The basic hatch corner specimen wat tested in numerous modifica- 

tions and several additional new designs were also tested. Details 

of these design alterations must be sought in the original report^2^\ 

Because of its size, it is not possible to test a full width 

of ship's deck in way of the hatch opening. The specimen selected, 

see Figures 29, 30 and 31* was as large as could be accommodated in 

the testing machine of greatest capacity then available. 

The problem of brittle ship failures was recognized as arising 

from the action of stress raisers such as structural discontinuities, 

accidental notches, etc. The large-scale test program as outlined 

above took cognizance of this fact, and all specimens possessed 

effective stress raisers* The magnitudes of these multiaxial stresses, 

however, were not known} and it appeared desirable to explore the 

field of multiaxial stress in structures* To this end large tube 

tests were designed such that the temperature of testing could be 

varied over wide controlled limits, while the longitudinal and 

hoop stresses in the shell could be varied regularly through pre- 

scribed values to fracture^'. This test specimen is shown in 

• 

»;"- 
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Figure 32. (The data obtained with this type specimen have alrtady 

been discussed*} 

The completed program of tests on large-scale specimens in- 

dicated that the mild steels tested all experienced brittle failures 

at temperatures above about 20°F. Since temperstm^s of this order 

and lower are regularly encountered in service, it appeared desir- 

able that the ductile-brittle transition phenomena in certain high- 

yield strength structural steels be sxamlned* Since these steels 

were to be examined for possible merchant vessel use, the full-scale 

model hatch corner test specimen would be a logical specimen to 

test, but because of tkn high strength properties of the steel used, 

the capacity of the tensile machine would be exceeded by this speci- 

men* For this reason the restrained welded specimen given in Figure 

33 was designed^1'. This specimen ready for testing is presented 

in Figure 3h*   Comparable tests for the 12-inch flat plate specimen, 

previously described, were also run* 

The specimens described above are, in all instances, large 

specimens and are toe*large for rcutine laboratory testing* It 

was necessary, therefore, that experimentation be undertaken to 

explore the possibilities of the correlation of small-scale labora- 

tory test results with those obtained in the large-scale tests* In 

the course of this experimentation the specimens given in Figure 35 

were variously used* 

RESULTS 

The data obtained for the project steels will be considered 
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following which the further data obtained en the augmented program 

will be examined • The ductile-brittle transition data are considered 

first. 

TJMt QusUlg-gEliUft tottieAJai — £cai££& i&SfilSL* Over a period 

of many years the ductile-brittle transition has been extensively 

studied in the Impact test* For this reason one of the first steps 

in the examination of the project steels consisted in the determina- 

tion of the impact transition curves for standard test conditions* 

Data so obtained for the standard keyhole and V-notch Charpy test 

bar are presented in Figures 36 and 37* 

The Impact transition curves are drawn as smooth curves which 

vary regularly through a range of temperature from the maximum value 

of energy absorption, or ductile condition, to the minimum value of 

energy absorption or brittle state* Comparison of transition tem- 

perature ranges becomes possible from such curves, but occasional 

irregularities in individual curved preclude this method of com- 

parison from belhg generally applicable. Further, the comparison 

of energy absorption—temperature curves is not a desirable method 

of evaluating the fracture characteristics of steels, as thaa is 

an unwleldly procedure. It has been general practice, therefore, 

to select some energy absorption value as a reference value for 

evaluating impact transition temperatures. Thus a commonly used 

method specifies that temperature, as the transition temperature, 

at which the energy absorption for a standard keyhole Charpy 
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specimen equals 20 ft. lbs. Other methods have required that 

1/k maximum, 1/2 maximum or- maximum energy absorption can be 

specified as the reference criterion. 

The Impact transition temperatures as specified above may prove 

fully acceptable for control purposes; but it is probable that with 

the exception of the maximum energy absorption value, these arbitrar- 

ily specified transition temperatures are not suitable for a funda- 

mental study of the fracture problem. Thus it has been argued that 

the gradual decrease of energy absorption through the transition 

range, for the V«notch Charpy bar, is an effect resulting from the 

fracture behavior of the metal on the compression side of the test 

tear'32), xf this mere true, the elimination of the compression side 

of the test bar, as is effectively done in the Sehnadt-type bar, 

should eliminate the characteristic broad transition range indica- 

ted, for example, in Figure 37 C as shown by the slope of the curve 

in the transition range). The data in Figure 33 reveal that an 

elimination of this broad transition range does obtain when the 

compression zone of'the impact bar is removedUW, The impact test 

transition temperatures for the project steels? by the indicated 

criteria are summarized in Table C. 

It has been indicated earlier that certain of the steels which 

are being considered here are especially sensitive to strain rate. 

In the impact test an unknown factor due to strain rate sensitivity 

precludes the adjustment of the impact data to predict static notch** 

bar test results* The impact test, however, can be used with this 
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reservation In mind, to examine steel quality, thus for example, 

t© Indies.t« the effects of strain-aging, grain size, plate thick- 

ness, etc., on the fracture behavior of a given steel* Groups of 

data which may be compared on this basis are presented in Figures 

39 to k$. These data show that the ductile-brittle transition is 

markedly elevated by increase in grain size (plate thickness con- 

stant) and ty increase in plate thickness (grain size approximately 

constant). Variations from plate to plate within the heat tested 

are not larg* as shown in Figures •*!, h2  and **3» 

It is needless to discuss the steps taken in the development 

of suitable correlation tests, by means of which the ductile-brittle 

transition in the large plate tests could be predicted. Such tests 

have been developed in several directions as may be gathered from a 

consideration of the data presented in Figures <*6 to 5**< These 

figures summarize all pertinent data relevant to the temperature of 

the ductile-brittle transition in the project steels (see Table A). 

Some few test results have not been included because of the in- 

completeness of the data. 

From Figures ^6 mud **7 it will be seen th#t virtually complete 

agreement in the transition temperature data obtains for the large— 

and small-scale tests that have been reported. By analogy this 

statement can reasonably be extended to embrace all the project 

steels as Figure* kB to Jfc show. There is little question, there- 

fore, that the ductile-brittle transition temperatures, for such 

steels loaded under static conditions in structures, can be predicted 

; _' "    ,, - .• 
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with a relatively high degree of accuracy. As will follow from a 

consideration of the results reported from the 3-inch edge-notched 

tension test, it is necessary to specify the criteria of the duc- 

tile-brittle transition for restricted tests, with, in general, 

fracture appearance being the most suitable criterion for correlating 

the results of the small-scale tests with the large-scale test re- 

sults. 

Imam. gSactagSh nM filsa Mlssla. — gtftteti &&&&* * struc- 

ture is designed to carry a prescribed load, and in the interests 

of economy this load should be as great as possible anil yet safe 

from failure* Experience has shown that in meeting these combined 

needs the nominal tensile strength is not a suitable criterion of 

the strength of a structure but must be modified by a safety factor. 

Since safety factors are regularly used in structural design* 

it should not, perhaps, be unsuspected to find that in the flat 

plate tests a marked drop-off in tsnsile strengJr accompanies end 

increase in plate sic®, as shown in Figure 55* The drop-off 

steels (of 55»000 to 65,000 lb./sq.im tensile strength) frequently 

amounts to about 1/3 of the tensile strength so that the tensile 

strength value for M-6-inch internally notched plats lies between 

35.000 and *+5*00G lh./sq. in. Hatch corner test data, however, 

show that the reduction in tensile strength indicated for the flat 

plates is not the maximum to be observed, for nominal tensile 

strengths as low as 25,000 lh»/sq. in. observed, for nominal tensile 
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strengths as low as 25,000 lb/sq.in. have been reported for the 

hatch corner tests. In other words a reduction in tensile strength 

by 50$ can arise in a structure. 

The reduction in the tensile strength in the hatch corner 

tests is in large measure a design problem, as is indicated in 

Figure 56. Redesigning is frequently relatively simple; but while 

marked improvement in strength can be achieved in this manner, this 

can be done only by the virtual elimination of all important local 

stress raisers. Accompanying this increase in tensile strength them 

is a more or less general increase in ductility which is very 

desirable. 

In the esaminatlcn of Figure 56 it is noted that wide varia- 

tions in energy absorption values have been obtained. This may be 

construed as a lowering of the transition range for the steel, a 

conclusion, however, that should be avoided. The model hatch cor- 

ners were all made of steel C wtich in the large plate tests has 

a transition temperature of +100°F« The test data which are com- 

pared in Figure % were all obtained at 70°F., and all fractures 

were by cleavage. Specimen 35 failed by cleavage which was initiated 

at an accidental arc strike incidental to the welding of the struc- 

ture. A discussion of matters pertinent to this behavior will be 

undertaken below. 

11>    Additional Tej&g. 

The testing program which has been reviewed in the previous 

section can be expanded in two obvious directions, the first of 

**? * 
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which consists in an attempted correlation of the properties re- 

vealed in the above tests with the properties of the same materials 

in a ship structure. The second consists in the exploration of 

the possibility of improved structural materials. Limited ex- 

perimentation in these two directions has been completed and is 

considered below. 

gTMftigftfl MM£*£ Shi& £l&te Tej£jss It was generally accepted 

during the formative stages of the research program under consider- 

ation that the brittle problem in Liberty Ships was directly a 

size-effect problem* Thus for the small-scale tests a low transi- 

tion range might be expected, and this transition range would be 

displaced to increasingly higher temperatures as the size of the 

test bar was increased. Figuratively then a full-size ship should 

characterize a more or less definite transition range for a speci- 

fied steel, and this would lie at a higher temperature than that 

for a small-scale test bar. By this predicate, a ship could be 

considered as safe from brittle failure as long as the operating 

temperature was above that of the transition range, but it would 

become highly susceptible to brittle fracture once the tempera- 

ture fell below that of the transition range. By this principle 

of behavior it becomes reasonably convenient to attempt suitable 

correlation between the many laboratory test results and full- 

scale ship behavior. 

Thus, for example, of the several ships which broke in two, 

a restricted few failed under well-documented conditions of tem- 

perature and loading and were accessible for experimental purposes. 
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From these ships, therefore, plate pertinent to the initiation, 

propagation and termination of the crack could be removed for labora- 

tory testing, particularly in the interests of a precise determina- 

tion of the ductile-brittle transition in the small-scale tests. 

Since the correlation attempted in this manner assumes that the 

temperature at which the ship broke will reveal the temperature cf 

the ductile-brittle transition for the ship, the small laboratory 

tests should allow the determination of any needed correction factor 

for ship plate evaluation by means of the small-scale tests. Test 

data pertinent to this correlation for the 12-inch flat plate speci- 

men have been reported for two ships, the "Pierre S. Dupont" and 

the "Ponaganset"(33), 

The "Pierre S. Dupont" suffered brittle fracture during a severe 

winter storm at sea on February 10, 19*+8, with the air/water tem- 

peratures reported as 27°A20FM respectively. Details of the loca- 

tion of the plate available for testing and the specimen lay-out are 

given in Figures 57 and 58. The 1-2 Tank Ship "Ponaganset" broke 

in two on December 9? 19^7» while moored and under a hogging load, 

with the air/water temperatures being reported as 3^0Al°F.} re- 

spectively. Details of the plate location for specimens from the 

"Fonaganset" are given in Figures 59 and 60. In both the ships 

studied the cracks were initiated at about air temperature which 

allows fixing the apparent transition ranges at about 30°F. for the 

"Pierre S. Dupont" and at about 35°P. for theTonaganset". 
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Th© chemical analyses of the plates removed from these two ships 

are given In Table D and the mechanical properties are given In 

Table E. The results of the 12 Inch flat plate tests are given 

graphically in Figure 61, while the various transition temperature 

data are accumulated in Table F. The data for the 12-inch flat 

plate tests on the fractured ship plate indicate the transition tem- 

peratures for the plates tested lie between kQ°F.  and 110°F. These 

data indicate that these plates through which the crack propagated 

had transition temperatures above the apparent transition tempera- 

tures of the ships and hence extended fractures should have been 

possible. 

j&£&£ fi£ fithjr. Steels s The high yield strength steels which 

were studied at the University of California could not be fabricated 

into full-scale hatch corner test specimens because of load restric- 

tions on the available testing machine* A reduced sized specimens 

called the restrained welded specimen was tested instead. For com- 

parison purposes steels Br and C were tested using this specimen, 

and the data obtained have already been presented. The restrained 

welded specimen gives nearly the same transition temperatures for 

the two steels as does the full-scale hatch corner test. The re- 

sults obtained for the high yield strength structural steels using 

this specimoi will, therefore, be considered as equivalent to the 

full-scale hatch corner tests run on the project steels. 
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The chemical compositions, thermal treatment, and mechanical 

properties of the high yield strength structural steels studied 

are presented in Table G. The transition range data are summarised 

in Figures 62 and 63, and transition temperatures are accumulated 

in Table fi. 

In brief, these data reveal that much reduced transition range 

is possible with selected HYS steels but that a low transition 

temperature is not assured by the use of such steels* Further, it 

is evident that the good correlation that obtained among the respec- 

tive tests for the project steels is not typical* as transition 

temperatures given by the 12-inch flat plate HYSS specimen are as 

much as 5o°F*  removed from those given by the restrained welded 

specimen* 

The nominal tensile strength values of the restrained welded 

specimen of the HYS steels studied here may drop to as low as 35 

to kQ$ of standard room temperature coupon test values, but the 

average nominal strength of the specimens tested was approximately 

65$ of the standard test bar tensile strength. 

i 

S&, ~MlM M$ iBkSS&P.' The survey of the ductile- 

brittle transition phenomena in the Navy tear test by Kahn and 

Xmhembo(3lf) has been especially revealing because of the large 

number of different types of steels which have been studied with 

this test. Since the transition phenomena associated with this 

test have already been described for the project steels, it will 
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be sufficient to consider here only the transition temperature data 

which have been accumulated. Details of the chemical composition 

and thermal treatment of the steels studied are presented in Tables 

I and Jy  and the transition temperature data are presented in Figures 

6*f to 68. 

From the tabulated data it is seen that the work included the 

testing ofi 

a. Semi-killed medium steels 

1* wonaal manganese contents 

2. Higher manganese contents 

b. Fully killed medium steels 

c. Vanity-type high-tensile steels 

d. Medium steels of several thicknesses 

•• Steels finished by non-conventional mill practices. 

feany of the steels were also tested after stress-relieving and 

normalizing treatments. 

The following generalizations, which have been stated previously, 

are emphasized in a consideration of these data: 

a. The transition temperature for a given steel is lower, the 

lesser is the finished plate thickness, cf., Figure 64-. 

b. The transition temperature for a given steel is lower, the 
- 

smaller is the ferrite grain size, and the reduction in 

transition temperature by the reduction in grain size may 

be of large magnitude. 

I  

. ... 
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c. Normalising when accompanied by a reduction in the ferrite 

grain size may reduce the transition temperature by as much 

as 150°F.? but when a reduction in grain size does not 

accompany the normalizing treatment, the reduction in 

transition temperature may not be present. In this latter 

case when a reduction in transition temperature is noted, 

it is normally of small magnitude. 

In addition to the above generalizations, it may also be con- 

cluded that; 

a. For the as-rolled condition, there is a probable slight re- 

duction in the transition temperature as the deoxidatioa 

practice varies to produce from a rimming to fully killed 
- • •• 

class of comparable steels» This reduction is more marked 

for aluminum treated steels. 

b. An adjustment of the (fon/G) ratio to higher values does not 

ensure a reduction in transition temperature for the as- 

rolled plate9 For such steels, however, a normalizing 

treatment may produce a reduction of the transition tem- 

perature by as much as MO°F., cf», Figure 65» This re-> 

daction seemingly is brought about by a reduction in 

ferrite grain size. 

c. The lighter plate for the high (Mn/C) ratio steels con- 

sistently shows the smaller ferrite grain size, and this 
• - 

grain size is not materially reduced by normalizing. The 
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grain size in heavier plate in the normalized condition 

approaches that representative of the light plate, and 

similarly the transition temperatures for the heavier 

plate approach those of the light plate. 

In the steels studied the McQuaid-Ehn grain size was of 

minor importance in determining the transition temperature. 

Stress-relieving treatments were not observed to improve 

the fracture characteristics cf the plate studied. 

The experimental data which have been, presented, Indicate that 

much of the steel which has been used in Liberty and Victory ship 

construction may ordinarily be expected to fail with brittle frac- 

tures at the temperatures at which these ships regularly operate. 

That the ductile-brittle characteristics of these steels, then, do 

not of necessity determine the structural behavior of the steels 

must follow, since most Liberty and Victory ships continue to 

operate satisfactorily. From this it follows that either the 

correlation of laboratory tests with ship structural behavior is 

precluded by the operation of unknown quantities, or that the factors 

which modify the transition temperature of a steel are improperly 

combined in the tests to simulate the conditions of ship operation. 

That the second alternative is the more probable follows from 

a consideration of Figure 69. Here are presented maximum nominal 

strength deck stress levels, determined for ships of a type considered 



-33- 

here und@r operating conditions, and it will be noted that these 

stress values are very much less, for all conditions of loading, 

than the comparable stress values measured in the hatch corner 

tests* 

In examining the apparent lncompatabllity of the laboratory 

test results with full-scale ship behavior it becomes desiiable 

to examine more closely the significance of the ductile-brittle 

transition as determined in the small-scale tests, and to re-examine 

the conditions of loading in both the laboratory tests and in a ship 

structure, Of these the ductile-brittle transition will be considered 

first. 

H& Buctile-Brlttls Transition* The appearance of brittle 

fractures in mild steel specimens has been shown to be possible in 

unnetehed tensile bars tested at a suitable low temperature. None 

of the steels which have been studied are brittle in this way at 

ship operating temperatures. Such brittleness in ships must result, 

therefore, from the existence of effective notches in extreme tensile 

structural members. Such notches may arise from design or from de- 

fective workmanship, or from a variety of incidental factors such as 

arc strikes, the welding of clips to the deck, etc. It is further 

possible that effective notches may arise from the action of fatigue. 

It is evident, therefore, that the effective notches that exist in 

two ships of the same design may vary over a considerable latitude 

of intensities in corresponding areas. However, the design of a ship 

". 

h "-•• .    5*'>* ':" 



say be such that the incidence of severe effective notches is high, 

a case that proved to be true in the basic Liberty ship design. 

When effective notches arise in this vay, design changes nay be 

introduced to bring about a structure which then becomes as re- 

sistant to brittle fracture as the structural materials will 

allow. An effective stress raiser may not be a design feature 

of the ship but may arise from operations involved in tying down 

cargo, the welding of clips to the deck, or from fatigue action, 

fhe significance of the ductile-brittle transition observed in the 

small-scale tests with respect to ship structural behavior must 

center then from the outset on a consideration of the intensities 

of notch action possible in a ship structure. Such knowledge will 

be informative in the design of small-scale tests to predict the 

transition temperature of a ship structure under essentially static 

loading conditions. 

She moat severe notch that can be in a ship structure will re- 

sult from fatigue action. This is a notch which from earlier dis- 

cussion may be considered as having attained a limiting stress 

raising capacity and should characterize a limiting maximum transi- 

tion range. Under static conditions of loading the ship structure 

possessing a fatigue notch as the effective stress raiser would 

then have its highest transition temperature. 

If the effective notch is not a fatigue crack, in general 

under static loading the metal in the notch may be expected to 
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reaoh the yield point and deform before toe adjacent material. 

Even in a relatively mild notch, however, the stress in the notch 

may exceed the fracture stress of the metal before yielding takes 

place in the adjacent material. Once this happens, a crack will 

form which if propagated brittlely the structure vill fail with a 

transition temperature characterized by this crack, thus with a 

transition temperature in agreement with that determined for the 

fatigue crack in the same structure. 

When tiie effective notch in the ship structure is sufficiently 

slid so that plastic flow is possible in regions outside the notch 

before cracking takes place in the notch, extensive plastic distor- 

tion of the structure is possible to failure. 

Under conditions of static loading it is useful to know the 

maximum temperature at which brittle fracture can occur and this 

is a temperature determined by the most acute notch available—the 

fatigue crack* This temperature is important for it would appear 

that all ship fractures originate in notches equal in intensity to 

fatigue cracksr and if this is so that latent transition temperature 

of the ship| when this ship is made of mild steel, must be high. 

On&sr static conditions of loading to failure this high transition 

temperature would be realized. 

binder service conditions the ship would possess a still higher 

transition temperature due to the dynamic conditions of loading, 

but brittle failure thus to be expected is not normally realised* 

•MMHNN! »•*»** 
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That brittle failure does not take place must arise because of 

differences In loading under the laboratory and service conditions. 

These deviations in loading conditions will now be considered* 

&£&&&&& CoBditiona in 3&PifiJa«JUt* Nominal tensile stress 

values of 10f000 lb,/sq. in* are not regularly experienced in the 

strength deck of ships in operation, whereas, the nominal stress 

in the hatch corner test specimen was measured at 25,000 Ib/sq. ini- 

et failure. In an examination of this question a consideration 

of the load-elongation diagram for a 12-inch plate specimen ars given 

in Figure 70 Is informative* On this diagram the load is specified 

at which the initial crack is formed* A consideration of the num- 

erous stress-strain diagrams included in the indicated reference^ ' 

reveals that this crack is regularly formed very early in the course 

of the test and at a load of about 5/7 the tensile strength deter- 

mined in this test. The ratio of the load to initiate cracking to 

the maximum load increases somewhat when the specimen falls with 

low energy absorption, but in this case also the initial crack is 

normally present for some time prior to failure» 

In a ship structure the conditions of loading are not such 

that a crack can be initiated and propagated slowly to fracture 

of the structure,* On the contrary the loading cycle due to wind 
. . .'  . -       - • 

loading and wave action can be expected to be quite short with 

a consequent "impact' type of loading being experienced. With 

this type loading the structure may be overloaded for but a 

"=  •,""  • '   :/    ""       -        .  • 
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rsslatively short tim#s following -which the overload is released. 

The probl«» of fracture in the ship then is resolved into two 

components, namely, a loading factor and a time factor. The in- 

terplay of these two factors may be quite complex and may modify 

the strength properties of the ship steel in a way not now recog* 

ni£ed. The response of the ship steel to such loading cycles will 

now be considered* 

Since the loading rate experienced by the ship can be relatively 

high, the transition temperature considered typical of the ship 

constructed of a given steel must be elevated by a proportionate 

velocity factor over that experienced under static loading conditions 

If the ship is operating at a temperature that lies in the range of 

brittle behavior, two conditions must now be fulfilled before 

cleavage failure will result. The ship must be overloaded; i,*&*? 

the stress in the effective notch must exceed the fracture strength 

of the steel, and secondly, this stress must be maintained suffi* 

eiently long to allow the crack to be initiated and propagated* 

It Is recognised that all cleavage fractures are generally 

proceeded by some, though slight, amounts of strain. It is also 

accepted that the crack is developed in the initial stages of its 

life at a slow rate but is propagated at & high rate. From tblu 

It i« concluded that a short but important time interval must 

•lapse before a fast moving cleavage crack can be established. 

This time interval for a given steel oust depend on the temperature 

and the amount of overloading experienced In the critical section* 

• • ••" 
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No data are now available to allow a discussion of these quantities. 

However, it is expected that those steels which have the lower 

transition temperatures, as determined by the laboratory tests, will 

be the most effective in suppressing brittle crack formation in 

ships. 

Ship Steel Selection; In the consideration of steel selection 

for future merchant vessel construction restricted lines of action 

are possible. The extreme approaches to the ship fracture problem 

are first, the relaxation of materials fracture specifications with 

the expected elimination of the fracture problem by control of design 

and second, the setting up of a fully reliable fracture specification 

test, with the relaxation of design restrictions. 

She latter approach if readily realized would probably prove 

desirable from the point of view of construction, but the ductile- 

brittle transition studies which have been completed to date indicate 

that a construction program based on this philosophy of materials 

selection would lead to the rejection of a large percentage of the 

steels which could Use supplied for ship construction. This is 

obviously an unacceptable solution. 

She alternative approach to the ship fracture problem, that 

of controlling ship fractures by design control, has been used in 

the construction of the Victory ships. These ships continued to 

operate satisfactorily until the winter of 1951-1952, at which time 

several serious failures occurred* This suggests that design improve- 

aseRt without consideration for the fracture characteristics of the 

steel is not the final answer to the ship fracture problem. 
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It Is not the purpose of this discussion to advance a given 

test for the purposes of specification needs, hut in the Interests 

of close coordination of such tests with service failure, two 

quantities must be given much importance, and these quantities 

are the intensity of the notch and the duration of loading. Since 

the effective notch in determining the fracture characteristics of 

a structure is an extremely acute crack, the notch in a small-scale 

correlation test specimen should be sharp. The relative duration 

of loading of the specimen would simulate that experienced by the 

structure. The testing of even a small test bar over an appropriate 

range of temperature should then satisfactorily predict the location 

of the ductile-brittle transition for the ship. The transition tem- 

perature so determined alone will not predict the performance of the 

ship and gives only one extreme value for consideration in antici- 

pating ship performance. Qualitatively, however, there can be no 

question but that those steels which have the higher transition tem- 

perature will fail more readily in a ship structure than will those 

with the lower transition temperatures. In view of the paucity of 

data pertaining to the time and loading effects on the development 

of a cleavage crack in mild steels and to uncertainties about load- 

ing conditions in ship service, it does not appear possible at this 

time to devise a test that will provide full correlation with ship 

performance. 
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The present report Is a review of the salient features of 

the investigations conducted on medium ship steel under the auspices 

of the Ship Structure Committee. The reports which have been sub- 

mitted by the many contractors of these investigations are both 

numerous and voluminous* and it has not been possible tp present 

here other than selected material taken from these reports. The 

selection of material for inclusion in this report has been the 

responsibility of the authors, but valuable suggestions indicating 

appropriate deletions and/pr additions have been made by Drs. John 

Low, Jr., and Finn Jonas sen, both of whom were kind enough to examine 

the manuscript in one or more of its early forms. The writers' 

associates at the Pennsylvania State College, notably Drs. John R. 

Low, Jr.| William Lankford, Jr.; John Ransom| Ts A# Prater; were 

closely associated with tfce early development of the research program 

that was ultimately completed at that institution. 

The writers would like finally to thank Messrs. James McNutt 

and Fred Bailey for-much assistance in placing the manuscript, 

tabulated material and cuts in final form* Their task has been 

rather a difficult one as certain of the cuts requested have not 

been readily available. 
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Table D - Chemical Analysis lji % of Specimens from PIERRE S. DUPONT 
and POMGANSJ ST 

Plate C Mn SI P S Cu N 
Type 
steel* 

DU 0,26 0.33 0.02 O.Qil 0.038 • • • • • • 

PSDP 0.1** 0.38 0.00 0.020 0.035 0.16 0.005 Rim 

PBDS 0.15 O.M) 0.00 0.020 0.030 0.17 0.00»* Rim 

PAD 0.22 Q.k7 0.0»f 0.021 0,035 0.03 o*odk S-K 

PCDP 0.1^ OAl 0.01 0.027 0.030 0.10 0.00»f Rim 

PJSS 0.29 OA? 0.10 0.015 O.QltO 0.03 0.00M S-K 

• Rimmed, semlkilled (S-K) 

Table E - Mechanical Properties of Steel from FIERRE S. DUPONT and 
PONAGANSET <1-In. Wide Full-Thickness Specimens) 

Specimen       Gage, in. 

Tensile     field         Elongation 
strength   point,         in 8 in., 

psi.          psi                   % 
Bend test 

on 3A 60,200          3^,»K)0          28.2 »• 

PEDP 13/16 52,300          31,900          32.5 OK 

PSD8 13/16 55,600          32,600          31.0 OK 

PAD- 13/16 59,700          30,500          25.0 OK 

PCDP 13/16 5^,500          3U,50G          28.0 OK 

PJSS 3A 65,200          37,100          27.5 OK . 

Table P - Transition Temperature in °P. of Steels as Determined by 
Various Tests 

Steel 

T.T.,               T.T., 
Mo.       Energy to       iracture     1/8 in.,   Hack 
Tests      rupture      appearance      hole           Saw 

Keyhole         V-Notch 
Charpy           Charpy 
15 ft.-lb. 15 ft.-lb. 

Navy          ( 
Tear 
Test 

DU 7                37 37              ..•           107 62 •• 

PBDP 11                 >+6 \ 6              71 9 90 

PBDS 11                 60 60            12? 18 110 

PAD 11               10V 102            152 12 150 

PCDP 11               9* 55             * -3                    .. 90 

PJ8S 11               58 60               89 —6                    .. 90 

.'•'.." 
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TABLE G 

FaOPBRflES tm  COKPOSITI093 OF HIGH YIELD STRENGTH 3TMJCTDRAL STEELS 
USED 1ST THE INVESTIGATION 

S£IEkJ^ Ju B»* 

TYPE 
HEAT TREATMENT 

Alloy       Alloy      Alloy      Alloy      Mild       Mild 
Quenched & Quenched &     Quenched A  Quenched &     Serai Killed  Semi Killed 
Drawn*      Drawn      Drawn      Drawn      as-rolled    as-rolled 

PHYSICAL PROPERTIES 

Yield Strength P*l. 
Average 66,000 80.000 

ultimate Strength 
Psi. Average 89,000 97,000 

Elongation % in 2" 
Average 26 22 

Reduction in Area }f 
Average 6*f 60 

80,000 

100,000 

20 

60 

of ,U<JU 

100,000 

23 

68 

36,000 

60,000 

26 

63 

APPROXIMATE CHEMICAL COMPOSITION 

*  Steel 1 was also used in a normalised condition for some of the tests 
** Mild Steel Er properties included for comparison 
•** • Elongation in 8* 

TABLE H 

APPROXIMATE TRANSITION TEMPERATURES OF HIGH YIELD STRENGTH 
STRUCTURAL STEELS DETERMINED BY MEHNS OF DIFFERENT SFECIMLNS 

STEELS 

3" Edge Notched 

12" Centrally Notched 

Restrained Welded 

ATPiKSfflMl ffiUftfflrQH TaffftRftHftifi 

39,000 

67 .."tOO 

25.51 

Carbon 
1.08 

.Ik .16 .16 .15 .2«* 
Manganese .75 iM .27 .77 .k8 
Silicon .Zk .77 .21 .17 .0? .05 
Molybdenum .Jf2 46 M .20 .005 
Chromium - .60 - 1.13 - •03 
Zirconium - .09 ~ . — - . 
Phpaphortts • 
Sulphur 

.01«f 

.023 
.023 
.028 

.017 

.038 
.01»f 
.021 

.010 

.029 
.012 
.026 

Vanadium - • • Oo - - _ 
Nickel " - .53 2.32 <"• .02 

-10°F        +180F        -102OF 

•5°F •>20°I'        -95°F 

Ms°r       +75°F       -50°F 

-108°F 

-102°F 

=65°F 

•23°? 

•itf°F 

•58 °F 

1 

fe£*il@^s£?" 



TABLE X 
C!MmMfttu1nn9*„ ~«*f*«f|— ffl=£ Tea*-T**l ciraynruan at am» «»te Stoeb, Mwdfam, SarclHIW, 4*-S-5, Normal Mange- 

sMiMi CWfm/C<S) 

~""ix£. Yitid    ?«***•*                        Uwimum Aurfy gxem f>ma<it*n 

SB MM *3 •M, 6>. 
C'fJS*- 

C K» Si M N   ST "pf- aw—m m         1*5^. JaHM, 
yt-tt./<».e ft-iTSi* •P.         ltn/C 

c 91 •A R O.S5 0.43 0.03 0.003 0.004        S6.0«i 1140 7S0 60           1.7 i i ¥« 1 0.3* 0.43 cm 0.003 0.0M       82,80b 10*0 880 109           1.7 * i I 0.34 0.49 0.0* S.S03 0.00*        90,800 1830 98? 130           3.7 • "4." *A I CM 5.8 o.ot 0.084 0.004   34,000    £8,640 8J.4             «,8O0 830 ;„ 70           8.0 
7 "C" •A R O.I* 0.S1 o.ot 0.011 £.03$    25,506     iie,a4U 30.4           81.809 880 «I9 136           3.0 i 1 K« a 8.81 0.40 0.03 0.003 0.008   38,809    88,800 38.8           40,000 800 730 ISO           8.3 * %* B 0.80 0.85 0.10 -0.003 0.003   34,800    68,300 30.0           63.800 1030 880 100           3.8 

tfi • '/* S 0.1* 0.40 0.07 —0.003 0.004   32,600    57,900 34.6            83,000 I860 1000 30           3.8 

II aio •A H 0.18 3.34 0.13 -0.000 0.00*   33,800    81.400 81.0           68.000 ilSO 880 80           3.3 
621 'A K 0.30 CM o.ot -0.008 0.004   31400    S8.400 31.0           48J00 310 T60 80           3.8 

13 88 •A K 0.14 o.« 0.37 -0.003 0.008   33400    87.400 33.0           40.409 ft JO 780 SO           3.3 

* Arabs'   -' ail tort* acwtao«*4 »bov» tnndHes t*aap«rattitra. 

Composition, Tensile and Tear-Test Properties of Ship Plate Steels, Medium, SemikHfad, ABS-B, Manganeae 
0.60/9.90 (Mn/OJ) 

'• 
 'Dooeript*o»~^ 

Plat* 
 Competition, % * > Static tensile properties *> 

Mas. 
—Tear-tett Proptrtie*— 

Bntrgy       Snermt TYoMtftni mm Aft* thick.. Cmte- r.p. T.S. Xtentt. lead,* to Mart* to prop.,* 
ft.Oo./in. 

Ump.. 
not MM in. tte» C m% Si Al          If      (.P.S.I.) (P.S.I.) S.8* lbe./n. ft.lbl./i*. M*/C 
14 M39B Vt ft 0.32 0.90 0.03 0.004   OHM   40,180 55,030 27.o 65,700 1110 870 SK> 4.1 
14 ItttB •t 0.32 0.90 0.03 0.004   0.008      ... 86,908 1310 780 00 4.1 
14 M38A l" B 0.33 0.90 0.03 0.008   0.004   38,830 63,820 31. V 87.100 1530 1100 ISO 4.1 
14 MS8A 1 N 0.22 0.90 0.03 COOS   0.004      ... >re 4.1 
16 OS Vt B 0.18 0.98 0.06 0.008   0.004      ... 87,100 1460 940 80 5.3 
IS 3 'A B 0.18 0.96 O.OB 0.006   0.003      ... 66,900 1690 104S £C 5.3 
18 G7 1 B 0.18 0.86 0.04 0.006   0.008      ... 67,000 1970 1150 so 5.3 
IS Q* l'/t B 0.18 0.98 0.04 0.007   0.003      ... ... 88,100 3410 1150 ISO 5.3 

iS s Vf B o.stg 0.74 0.07 0.008   0.004     ... 83,800 1390 740 M 3.7 
•/• K 0.30 0.74 0.07 0.008   0.004      ... 83,100 1290 SOS <70 S.7 

1T-1 MS3A Vt B 0.1* 0.73 0.08 0.005   0.005      ... 63,100 1310 880 M 3.8 
17-1 MSBA •/• N 0.19 0.72 O.Ms 0.005   0.005      ... 63,600 1820 890 60 S.S 
1T-S Ma»B •/. B CIS 0.72 0.08 0.003   0.008      ... 62,900 1380 770 80 S.8 
1T-3 M33B >/% N 8.18 0.72 0.08 0.005   0.005      ... 64.0M 1480 880 <80 3.8 18 M89 Vt B 0.21 0.83 COS 0.008   0.004   36,840 88,400 si'.V 84,800 1330 950 40 3.9 
13 M88 Vt N 0.31 0.82 0.06 0.005   0.004      ... 35.100 1420 980 <40 3.9 
18-1 M84A Vt B 0.33 0.89 0.07 0.009   0.005   40,100 66,860 30.2 63,809 1080 770 80 4.0 
18-1 
10-3 

MS4A Vt 1 0.33 0.39 0.07 0.009   0.006      ... 64,800 1130 860 70 4.0 
M34B Vt B 0.22 0.5!) 0.07 0.096   0.004 84,1M 1140 goo 70 4.0 

18-3 M84B Vt N 0.23 0.89 0.07 Q.006   0.004      ... 63,400 1180 830 <70 4.0 
30 mt> Vt B 0.33 0.90 0.03 0.006   0.008   39,900 70.470 28.0 87,000 1140 780 SO 4.1 
30 mo »/t N 0.33 0.90 0.03 0.008   0.006      ... 57,500 1190 MO SO 4.1 
31 S3 'If | 0.17 0 60 0.07 -0.003   0.008   31,370 87,970 32.8 83,900 14M 1050 110 3.5 
31 S3** V% B 0.17 0.80 0.07 0.028    0.005   31,600 88,000 31.8 83,000 1350 ICO 80 3.5 
33 S31 Vt B 0.32 0.81 0,08 -0.008   0.004   37,900 68409 38.0 86,300 1190 960 70 8.7 
33 814** '> B 0.33 0.81 0.07 0.04     COS*   38,700 66.400 31.0 56,900 1140 950 80 S.7 
33 833 Vt B 0.20 0.76 0.05 -0.006   0.005   34,200 66,200 30.0 63,000 1030 930 100 S.S 
33 818** 'h B 0.30 0.76 o.oe 0.06     0.004   34,008 62,800 31.0 53,400 1050 810 SO S.S 
Si 81 Vt | 0.17 0.86 0 08 -0.003   0.008  31,780 68,730 33.4 81,800 1170 1000 JOO 3.9 
38 813 Vt B 0.17 0.68 0.07 -0.006   0.004   34,200 60,200 33.8 83.600 1380 1080 90 4.0 
38 817** 9& B 0.17 O.ftS 0.07 0.04     0.004   34,100 60,600 38.0 61,600 1280 940 10 4.0 
38 833 Vt B 0.18 0.77 0.09 -0.006    0.004   36,000 6S.8O0 32.0 69,900 1430 1010 100 4.1 
38 813** Vt B 0.19 0.77 0.07 0.04     0.004   34,700 64,100 38.0 87,300 1330 880 40 4.1 
37 830 Vt B 0.18 0.78 0.07 -0.003   0.004   34,500 33,1M 33.0 68,980 1230 990 80 4.1 
87 81*** Vt B 0.18 0.73 0.08 0.03     0.004   86,600 62,000 33.8 88,800 1210 930 50 4.1 
38 813 Vt B 0.19 0.78 0.09 -0.006   0.008   38.300 64,900 33.0 £6,100 1190 1030 80 4.1 
38 818 & B 0.17 0.78 0.06 -9.006   0.006   33,800 83,1M 32.9 63,100 1220 970 100 4.3 
30 "8" Vt B 0.18 0.78 0.06 0.001    0.008   32,750 86,700 33.6 63.7W 1430 840 60 4.7 
31 Si & I 0.17 0.90 0.09 -0.005   0.008   36,600 66,000 29.6 84,300 1090 1M0 70 5.3 
81 84*3 Vt B 0.17 0.90 0.10 0.04      0.004   33,280 6S.1M 30.8 66.600 1080 770 -20 8.8 
33-1 M33A 1 B 0.83 0.78 0.58 0.006   0.006   37,180 

O.Qt!   0.006   38,700 
67.130 39.7 M.3O0 1280 840 130 3.3 

33-1 M3SA 1 N 0.33 0.76 0.08 85,200 4«.(K2*) 88,200 1370 870 110 3.3 
83-3 M23B 1 B 0.33 0.76 0.08 0.006   0.005   38,430 66,800 30.3 83,600 1230 930 ISO S.S 
33-2 M23B 1 N 0.33 0.76 0.08 0.006    0.005      ... 93.800 1380 960 70 3.3 
83-1 M33A 

M32A 
1 B 0.23 0.78 0.09 0.007   0.008      ... 54,300 1390 890 120 8.4 

88-1 1 N 0.33 C.76 0.06 0.007   0.005      ... 83,800 1460 1040 an S.4 
88-11 Mais 1 K 0.33 0.76 0.08 0.0S4    0.004 53,300 1490 1080 130 S.4 
38-3 M3SB 1 B O '^ v. 7v> 0.06 U.0I4    0.004 84,600 1700 1070 SO 3.4 
ft M3e 1 B 0 22 0.74 0.18 0.025   0.005   39.410 67,620 31.5 66,300 1350 880 70 3.4 
84 M28 1 N 0.33 0.74 0.19 0.O25   0.005      ... 68,700 1550 900 <80 3.4 
Sft-i M18A 1 B 0.19 $,ff 0.06 0.009   0.004      ... 62,600 1340 930 S?0 3.6 
36-1 M18A 1 N 0.19 0.69 0.08 0.009   0.604      ... 81,700 1290 900 <7S 3.5 
88-3 M18B 1 B 0.19 0.09 0.06 0.014   0.003   Xg.660 84,830 37.6 60,900 1490 910 100 3.6 
88-3 M18B 1 8 C IS 0 wS 0.06 0.014   0.003      ... 60.200 1410 910 70 3.6 
SS-1 M31A 1 H 0.21 0.78 0.07 0.007   0.004   36,880 66.780 30.6 64,300 1380 720 no 3.5 
38-1 MSU 1 M 0.34 0.76 0.07 0.007   0.004      ... 84,700 K70 3S0 70 3.S 
38-3 M21B 1 B 0.24 0.76 0.07 0.012   0.004 64,700 1480 850 120 3.R 
SS-3 M31B ! N 0.24 0.76 0.07 9.013   0.004      ... 54,400 14SO 308 60 3.6 
87 Em 1 B 0.21 0.70 0.03 0.009   0.004   38,110 64,430 30.3 83,700 1400 960 110 3.6 
87 MS8 1 K 0.21 0.78 0.03 0.008   0.004      ... 81400 1400 940 70 3.6 
88-1 M13A 1 B 0.34 0.87 O.ffir 0.006   0.004      ... 88,300 1380 890 130 S.7 
SS-i M1SA 1 N 0.24 0.87 S.07 0,006   C.C04     ... >M» 3.7 ss-s MtSB 1 B 0.34 0.87 0.07 0.007   0.004      ... 82,900 1270 990 110 3 7 
S8-3 MMB 1 8 0.24 0.S7 0.07 0.007   0.004      ... 81.908 IMC 

IMC 
940 60 3.7 

38 MS* 1 B 0.19 0.70 0.04 3.OH   COM   40,140 66,800 3C0 83,700 0» 110 8.7 
38 MM 1 N 0.19 0.70 0.04 0.017   0.006      ... 82,900 1570 1010 00 3.7 
40-1 M34A 1 B 0.20 0.76 0.09 0.006    0.004      ... 50.000 1060 

1340 
770 50 3.S 

40-1 M34A 1 N 0.30 f.rlh 0.09 O.OM   0.004      ... 80,900 830 40 3 8 
40-a MS'.S 1 B 0.30 0.78 0.09 0.012   0.008      ... 54,100 1180 9M 140 3.8 
40-» U34iS 1 1 0.20 0.76 0.09 0.013   0.008      ... 84400 1400 930 80 3 R 
41 MS* 1 B 0.19 0.73 O.OC 0.016   O.OM      ... 14 «*»*» iSxu 930 ISO 3.8 
41 M28 

M38A 
1 *r 0.19 0.73 0.09 0.016   O.OM      ... ss'Isoo i860 1030 <70 3.8 

43-1 1 B 0.19 0.78 COS 0.012   O.OM      ... 48.800 1400 730 100 3.9 
43-1 K3SA 1 N 0.19 0.76 0.08 9.012   O.OM      ... 81.200 1440 940 80 3.9 
4S-3 MMB 1 B 0.19 0.75 0.08 0.009   O.OM      ... 83.100 1340 880 100 3.9 
43-3 MS6B 1 1 0.19 0.76 0.08 0.009   O.OM       -. >80 3.9 
43 MS7 1 B 0.31 0.81 0.07 0.031   O.OM   38,680 83.830 33.8 52,800 1420 1010 109 3.9 
43 HZ7 1 N 0.21 0.81 0.07 0.031   O.OM      ... 51,300 1S40 8S0 70 3.9 
44 MM 1 B 0.18 0.71 0.02 0.004   O.OM   33480 62,120 33.7 84.000 1580 970 140 3.9 
44 M35 1 N 0.18 0.71 0.02 0.004   COM      ... 52,BT 1670 1010 1M 8.9 
46 MSI 1 B 0.31 0 88 0.03 0.007   COM   38,390 87,530 30.5 87«IU 1670 10M 130 4.1 
46 MSI I N 0.21 0.86 0.06 0.007   O.OM      ... 54,roo 1560 1099 70 4.1 
48-1 M80A 1 B 0.31 0.79 0.06 0.007   0.005   38,360 88,710 88.0 54,600 1430 999 100 4.3 
48-1 MSOA I Jf 0.31 0.79 C.06 0.007   O.OM      ... 53,400 1430 1030 30 4.2 
4*4 M306 1 ? 0.31 0.79 0.06 0.007   0.007   37,180 46.130 31.0 55.60G 1470 730 90 4.3 
48-3 MS0B 1 N 0.31 0.79 0.06 0.007   0.007      ... 55,400 1490 '.040 80 4.2 
47 • 1 B 0.21 0.90 o.os 0.006   O.OM      ... 55400 i«M> 980 100 4.3 
47 I N 0.21 0.90 o.oe O.OM   O.OM      ... S8.2O0 1840 940 60 4.3 
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-Cefj-pejstifH!, Tensile and Tear-Test Propertiea of Ship Plate Steel*, Medium, Rinssatxi 

>iofa YUU    TmtSU Maximum     Snortn        Bnorfff      TTans&OTS 
fas!     /tat*      SMefc-      Condi- 
«Mb      fit     turn. in.      tion C        V>         Si U 

vi*L,    ttrmeik-    JRongctwn,        lead,          t» atari,       *» swwp.,        Tmmm., 
N         v*i.         pnT         %.»in.       Ut./in*   fl.^i./in." «.4*V««.*        *rV       Mn/C 

1 E" 'A R 0.),»    0.SS    0.01 0.088    0.008      ... 49,000 1010 810 0 l.s 
1 r •A R 0.23   0.37   3. »4    - 0.003   0.004   80,960    58.430 30.fi          *5-*9* 870 880 IW 1.8 
s § •A »• 0.18    0 34    0 01 0.004   37.540    61.440 28. u             4~,»5v 8PC ;so 100 l.s 
s •A R 0.18    0. 10    0.01 0 . uv*   4ko.66C    5? ,2'~~ 30.0             «»,«» xina «w> !00 l.s 
4 s v. R 0.14    0. 47   0.01 0.004   38.830    87,320 33 0             48.800 1310 850 so 8,4 

•Coi npoaiti on, T< rairile and Te ar-Tei 

%  
it Properties of Ship Plate Steels, Medium, Fuliy Killed (Si or A!) 

Pis<« 
OWJK- 

YiM      Tensil*                               Maximum Bnergy         Mnerov Tranoition 
Htut Plait IJMct- Ctodi- toint,    ttrtngtk. Bteneation.        load. to atari. to m». tomp., 

*     'P. no* eod*     *«M. 4*. tion C Mn       Si At S pti.           p$i. %. S in. 16./in.» ft.-li./in.' Jt.4i.,'tn. MH/C 
48 "Da" >A N 0.30 0.88    0.33 0.022 0.003 52,700 1330 930 30 3 Q s •Dr" •A B 0.19 0.88    0.26 0.C15 0.005   37,000    85,060 so.t 55,800 1170 750 60 3.0 
4* "Dn" •A N 0.20 0.88     0.33 0.02 0.008   34.700    89.550 31.9 54.700 1370 840 70 3,0 
46 M3 •A n 0.38 0.88     0.33     - 0.006 0.004 53,800 935 468 70 1.4 
60 Mi •A a 0.33 0.88    0.36     - 0.006 0004 52.300 1000 676 40 S 7 
(1-1 M4A •A i OSS 0.40    0.19 0.004 54.800 1170 710 80 1.7 
81-1 M4A & N 0 23 0.40    0 19 0.004 68,600 1240 790 <70 1.7 
61-2 M«R •A g 0.33 0.40    0 19 0.004 54,000 1070 780 90 1 7 
61-3 M«B •A N 0.23 0.40    0 19 0.004 68.300 1430 82ft <70 1.7 21 MS. ;A R 0.34 0.44     0 19     - 6.006 0008 52.100 836 555 80 1.9 
»»-i MBA SA s A   <J« 9 •*2    0 10 o fms 53,700 975 735 70 1.9 
63-1 MSA •A N 0.23 0.43    0 io 0.003 69400 1MB 720 <./o i . v 
5S-3 MSB •A § 0.33 0.43    0 19 0.003 64,100 1030 736 60 1.9 
SS-S MSB •A 0.33 0.43     0.19 0.003 63,700 1140 740 <80 1.9 
84-1 M13A •A I 0.36 0.46     0.21 0.008 53,800 1080 740 60 1 9 
S*-2 Hi %lf I 0.30 0.4S     0.31 0.005 51.909 886 870 <40 1.9 
65-1 M17A •A i 0.38 0.47     0.21 6!WK 0.004 65.700 1000 740 70 1.9 
66-1 M17A l/f N 0.3S 0.47     0.31 0.004 0.004 68.700 1140 830 <70 1.9 
M-3 M17B "> 1 0.28 0.47     0 22 0.005 68.000 1040 760 70 1.9 
BS-S M1TB •A | 0.28 0.47    0 32 0.005 67,000 1190 800 <70 1.9 
36-1 USA •A R 0.24 0.47     0.30 0.005 58,200 1035 746 70 2.0 
86-1 Hi •A N 0.24 0.47     0.30 0.005 58,600 1310 700 <70 3.0 
M-> M«B •A 1 0.34 0.47     0.20 0.005 66,000 oss 730 70 8.0 ss-s MSB •A I 0.24 0.47     0 20 0.006 68,700 1200 770 <70 3.0 
4? Mia •A 1 0.23 0.47     0.24 0.004 ...     •*    ... 66.000 1200 780 <70 3.1 *s MIS Si i 0.24 0.82     0.22 0.005 64,200 1179 790 <70 3.3 

pi 
M11A » I 0.21 0.49     0.22 0.006 63,400 1088 740 <70 3.3 
M113 52 i 0.31 0.4ft     0.22 0.006 64,600 1110 740 60 2.3 

fj 1414 •A • 0.19 0.44     0 20 0.005 53.600 1100 76P <70 2.3 
«1 MIS •A R o.so 0.47     0.32 0.035 . . ,              ... 63.100 1240 860 <40 2.3 
68-1 M19A *<* R 0.1S 0.48     0.23 0.005 63.300 1030 720 30 3.8 
83-3 M10B V. R 0.13 0.48     0.23 0.005 53,400 1088 740 30 3.6 
«3-l M7A Vi R 0.17 0.4S     0.21 0.004 53,000 1230 S40 50 2.8 
65-2 M7B V. R 0.17 0.48     0 £1 0.004 52,400 1220 870 50 2.8 
64-1 M8A •A R 0.19 0.63     0 23 0.008 66,300 1170 795 30 3.3 ss-s turn •A R 0.19 0.63     0.23 0.005 54.800 1175 810 30 3.2 
«S-1 M8A *'.' R 0.19 0.81     0.24 0.006 53,600 1040 700 SO 3.7 

It* MSB » R 0 19 0.81     0.34 0.005 53,600 1110 766 60 3.7 
W IP R 0.31 0.83     0.33 6!o06 0.006 17,330    83.540 id.': 55,400 1320 870 60 2.6 

67 "H" 'A 1        0.17   0.78    0 

-Couapnaitien, Tat 

16 0.037 0.006 36.000    83,650 33.8 66 900          1380            810                 60          4.8 

eda, Hifih-Teasiie, Vanity-Tjpa, 4*-S. ii liilci mdT« ar-Teat Properties c. rShipF lateSt •s 
•K v< ***** 

Aod 0 ImutU proportim  
Tamils 

• Toar-iut prop* 
Muximtsrn     Mnarpp tnorn Transition Win ruu 

Be* 
3 

(Mi- 
MM        C Mr, m V Ti         i-»- 

•trenotk. 
faC 

elongation. tea*. 
l*,Aa.* 

to atari, 
fl.-l*./in* /fcJC/li> SjSJf 

ttn/C 
« iZ4 V« S 0.18 1.38 0.80 0.08 0.010  00.100 85,800 30.0 87.200 976 810 60 6.8 • 3X5 1 R 0.18 1.38 0.81 0.06 0.080   55,300 81403 33.0 61,000 966 600 40 S.8 
ss-i 3XT l'A R 0.18 1.33 0.36 0.06 0.011   51.400 7S.1C0 34.3 £?£K 875 386 70 8.8 
68-1 • I'A SB 0.18 1.33 0.86 0.06 0.011 00,700 780 360 80 e.s 
sw l'A R 0.18 1.33 0.81 0.06 0.013   Sfl.208 79,000 34.3 61400 880 880 80 S.fl 
Hi 4X7 IV. N 0.18 1.33 0.31 0.06 0.013   66.000 77,400 38.0 S"!S2 840 480 -70 8.8 
• • w R 0.16 1.16 0.3* 0.06 0.084   68,000 78.740 34.7 88.100 1180 860 30 7.7 • • •A I 0.16 1.18 0.31 0.06 0.084      ... W.400 1880 1000 0 7.7 
*s lit •A R O.iS t.U 0.36 8.06 0 0M    66 060 T»\M0 38.0 88.800 1180 no 80 7.7 
SB IBS •A N 0.16 1.13 0.36 0.05 0.034      ... 64.600 1680 1380 -80 7.7 
fw RE a n in 1.16 0.26 0.04 0.007   57.200 78.500 36.0 83400 880 736 40 8.3 
70-1 WX7 

18X7 
l'/i R 0.16 1.36 0.34 0.04 Q.007    36.WW VB.WUW 2J>,3 3140C 906 SOO 100 8.3 

70-1 l'A SB 0.18 1.36 0.34 0.O4 0.037      ... >80 8.3 
TO-* 1SX7 lVt R 0.18 1.28 0.33 0.04 0.007   63,300 73.800 se'.s 50.800 906 600 30 8.3 
704 ap IV. SB 0.16 1.15 0.S3 0.04 0.007      ... 6».30i> 830 430 30 8.3 g »A I 0.18 0.68 0.16 0.04 0.0*5   '8.760 70,480 37,6 60.500 1330 060 -30 S.l 

is: >/' B 0,18 0.08 0.18 0.04 0.03S     ... 67.30O 1190 930 -40 8.1 
B 4Y2 'A R ...     65,530 7s.bbe 33.6 71.800 13*0 070 130 
•a 4Y3 •A N ...     83,700 wm 37.u 88.700 1870 '.080 -30 
71 ST3 •A 1 0.18 l'.ie 0.33 0.04 0.008   56.800 79,200 24.0 68,400 1180 *8C no f.i 
74 l• •A a 0.15 1   14 0.80 0.04 O.SOE   55.300 72,700 44. Ot ««*« 1040 380 70 T.T 
74 1YS V. N C.1.S 1.16 0.80 0.04 0,006   51,000 73,000 49. S 84.000 1440 «20 —30 7.7 
M4 45X8 •A SB     0.1*1 1.33 0.36 0.078 0.O0T   59,800 77,200 43.0 Stfto 1000 840 JO 7.4 

' - 78-1 MX* •A 8R     0.18 1.32 0.36 0.078 0.007   68.800 78.000 43.0 880 870 60 7.6 
7»-l STTSA •A a 0.14 1.00 3.34 0.04 0.034   48,800 70.000 47.6 6o.I* 1680 840 80 7.3 
70-4 6Y38 •A £ 0.14 1.00 0.38 0 04 0.011   48.100 70.900 48.6 V.800 1430 •30 80 7.3 
T7-I •A BK     0.18 1.30 0.38 0.073 0.007   63.400 74,800 48.0- 66.900 

6S.0O9 
1080 880 SO S.l 

77-3 37x5 •A SR     0.18 ;.80 0.38 0.073 0.007    66,700 76.000 •!•£ lose SOO 40 n 78 34X2 'A BR     0.16 1.36 o.» 0.084 0.008   60.300 TT.700 43.0* 87,800 1110 770 SO 
79 3*X» •A a 0.13 1.18 0.34 0.083 0 007    61.500 U3.300 18.3 88.800 800 370 <0 8.8 
so 80X8 •A a 0.14 1.30 0.36 0.07 0.008  60,000 83.400 18.6 63,000 870 3(0 -so 8.0 
ti SIX* •A a 0.14 1.21 0.38 0.07 0.007   S8.S0O 83./O0 33.8 S3.6B0 600 340 -so 8 * 
OS 38X8 •A a 0.18 1.03 0.37 0.064 0.008   54,200 77,000 88.0 83,700 770 3(0 -60 8.4 
SI 8Y8 1 a. 0.80 1.07 0.37 0.04 0.008   60.000 78400 33.0 62.300. 1170 740 70 6.4 
• SYS 1 N 0.30 l.W 0.37 0.04 0.006   63.709 75.*O0 38.0 68,100 1880 

m 
-40 6.4 

I *Y5 1 a 0.18 1.18 0.83 0.08 0.006   63,300 77,800 3&.0 70,900 1380 
1340 

SO 6.2 
sf» 1 • 0.18 1.18 0.83 0.06 0.006     ... 87.800 n 0 6.2 

• l'A a 0.18 1.37 0.31 0.04 O.00T   52,000 88AO0 3i!6 50,809 736 136 8.7 • wBs l'A N 0.18 1.37 0.33 0.04 0.007    57,000 31.SC0 37.0 S7.J00 700 380 -80 8.7 
W-l 185£7 l'A a 6.16 1.33 0.84 0.08 0.010   63,900 77.100 36.5 58.000 846 486 80 7.7 

SI MM l'A a 0.18 1.38 0.33 0.07 0.010   67.300 78,800 35.0 • 1.600 M 406 £ 7.7 
laxr l'A N 0.18 1.33 0.33 0.07 0 010   62 800 73.208 38.6 i».5P0 640 -SO 7.7 

87-1 
15X7 

l'A R 0.17 1 30 0.34 0.08 0.008   64.800 70,600 34.6 62.800 1980 636 89 7.1 
w-a l'A a 0.17 t.so 0.33 0.06 0.008   58,809 78.800 34.0 60.000 

!U0 
41C 80 7.1 • l'A a 0.16 1.8S 0.28 0.04 0.008   63.100 78,400 34.8 61.600 :    SiO 70 8.7 

•4 tOTW l'A I 0.30 1.18 0 28 0.0* 0.913 tajm 61.800 35.0 J2-SS2 788 8*8 80 8.0 
88-S I-X7 1»A a <S.:,9 i.is 0.80 0.08 •.til   88v«e 77400 36.0 57.000 788 370 16 8.S 
so 3G3£7 l'A a 0.18 1.01 0.36 0.94 0.937   47.400 88.80S 3S.0 68480 1338 990 60 7.8 
•1 lgfo l'A a 0.1« 1.06 0.34 0.84 0.007 **,aoo 70.700 33.8 86,600 17W 718) 46 7.6 • l'A a 0.18 1.39 0.S7 0.96 0.010  68.800 81.600 ss.ot 68,780 875 398 *0 «. > 
«-l gjjf7 l'A a 0.17 1.38 0.84 0.06 0.810   **.«*» 77.800 38.0 83,600 1180 SOO 10 7.4 
•H ¥X? l'A a 0.17 1.38 3.34 0.06 O.0W   68,700 77,100 34.0 6D.600 1CS5 518 10 7.4 
88-a 1 S'A 1 0.17 1.38 0.34 0.«a (l (KM   48.900 71J0O 30.0 66400 810 440 -40 7.4 
M l'A a 0.18 1.37 0.38 0.08 0.010   61,1=00 81,800 47.Ot 65400 1135 £86 —80 8.7 

* *?*$•£•> of all taaia oaskdoetsd above tewition temperature. 
t Values marked with dagger represent % H&tngaiioii Sa % in.; ail ethers in 3 in. 
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FIG. 1. '3he transitions in energy absorption and 
,      fracture appearance in the Charpjr keyhole 

imp&ct specimen. Steel D 
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ViG. 2.    The per cent redact jn in area versus teraperature 
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FIG. 16.    Influence of pro-strain on the transition tanperature 
of notched and urv-notched mild steel impact specimens. 

200 STEEL    8   SUMMARY 

A UNSTRESSED  SPECIMENS 
B SPECIMENS STRESSED AT 29,700 PSI 
C SPECIMENS STRESSED AT 10,000 PS I 
D SPECIMENS PRESTRAINED IN  TENSION 

FI<». 17. Effect of fatigue on notched impact strength. (Endurance 
limit of notched specimens appro*. 26,000 p.s.i.) 
Curve B -105,000 cycles of stres*. 
Curve C - 1,000,000 cycles. 
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FIG. 20.  Suggested variation of transition temperature in the 
Charpy V-notcfc impact, test with impacting velocity. 
The two experimental points were determined respectively 
in slow bending and impact bending. 
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FIG. 21.  Influence of specimen width on absorbed energy at 
constant temperature. 
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FIG. 23. Details of slot-Taylor 
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FIG. 28. Specimen cooling mechanisa. 



T 

lii 
J 
< 
U 

"j 

HI 
IK 

°s 

u 
ti 

> 

«      3 
z«t5 

!t .1 

s 
tli : 
> I 
Z i 
3 

8 

•Si      5 .     v 



EH K55 

u 

•H 

4S 

E5 

| 
o 
V 
C 

M 

j 
I 
o 

03 

CO 
6) 

3 

o o 
X! 
o 
« 
33 

I 

8 
H 

'•..•'" 
.    ;.: •• :• •':-• 



i 

j' srea.   smeue (&• o#».) 

«-tmr snet. JSOUET 

rCsszaert oiffnw 

CftOSS • SECTION   OF SPECIMEN   3  SUBJECTEO 
10    INTEHNRL   PBESSU&E ONIY   (SPECIMEN 
HQM20NTRL) 

lON&TUOmW.   SECTION   Of SPECIMEN   SUBJECTED 
TO mum, wm OHO wmtuu.  psssstm 

*»•* 

FIG. 3&» Sections of apparatus for tests of 20" Diameter tubes 
at low temperatures. 
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IT-HBOAKD TRANSVERSE   MEMUQt 
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FIG. 33   RESTRAINED   WELDED  SPECIMEN   USED  FOR TESTS 
OF HIGH  YIELD  STRENGTH   STRUCTURAL  STEELS. 

FIG. V*,    Restrained welded specimen in testing 
Machine showing pulling tabs and manganin 
wire extenscweter. 
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Fjffi. 36.    Keyhole iiotch fiuatiuy. 
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FIG. 37.    V-Hotch fiuaeutry 
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FIG. 38. Energy absorption, fracture appearance, and 
lateral contraction vs. testing temperature for 
V-notch milled and V-notch pressed (both 
Schnadt modification) Charpy impact specimens. 
Mild steel. (Ref. (14)) 
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„%A*M MM StartA 
Tea*. •*. 

StariC 
Compression Treatment asft%    80% 28%      60% 

8 R.T.. 1 to. 0        39 18          40 
5 R.T., 8 hr. -to        an 20         m 
ft R.T.. 12 hi. SO        38 io       aa 
ft RT.,3fltar. 10      -it 10          43 
» R.T.. 1 wk. 20        40 0          38 

vf R.T., 4 «k. *0        40 30          48 
10 R.T.„ i tar. 16         48 30          00 s R.T.. 6 tar. 18        36 30          8ft 

R.T., 12 ht. IS         43 28          00 s R.T., 30 tar. »        40 20          48 
R.T.. 1 wk. 18         48 

10 R.T., 4 wk. 40         68 38          88 
10 MO'C.'/tkr. 70       100 88          88 
10 250*C..lV»fcr- 88        38 00          08 

8 280* C. 4 tar. 86*       08 
250* C. 30 tar. 70       100 C8          08 

, 

PIG.  39.    Charpy V-notch impact transition temperature 
in °F at 25 c»nd 50$ maximum energy absorption for 
specimens prestrained in compression.    R.T. is 
room temperature.    (Ref.  (35;) 
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a. Air Cooled from 
1650 F. X 100 

o. Air Cooled ;ros 
175Q F. X 100 

c. Furnace Cooled 
froa 1850 F. 
X 100 

d. Furnace Cooled 
from 1850 F. 
X 600 

Photomicrographs of Eteel I 
After Different Esat Treataent* 

I 

-80 -40 0 
TEMPERATURE »F 

?IG. 40. chuffr Ik .icZe tests of Steel 8 following different 
bent trefcunente, Cumre <1) refer* to tra-ttdmt (E> 
iibore, taine (2) to treatment (b) etc.    (Bef. (35)) 
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FIG. 44. 

FIG. 45. 

FIGS. 41-45. The influence of plate thickness anri variations 
from plate to plate of constant thickness on notched 
bar test results. All steel from one heat. Project 
Steel C. Rs3pecimens from plate surface. Others 
at said-thickness. 
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